We investigate the possible deuteron-like molecules composed of a pair of charmed spin- 
INTRODUCTION
Since the charmonium-like state X(3872) was reported by the Belle Collaboration in 2003 [1] , exotic states attracted great interests around the world. Many experiment collaborations such as BaBar, BESIII, Belle, LHCb, CDF, D0, reported discoveries of new charmonium-like and bottomonium-like states such as Y (4260) [2] , Z c (3900) [3, 4] , Z b (10610) and Z b (10650) [5] . In 2015, LHCb reported two hidden-charm pentaquark states P c (4380) and P c (4450) [6] . One can find the experimental and theoretical progress about these exotic states in the recent reviews [7, 8, 9, 10, 11, 12] It is difficult to interpret some of these states with the conventional quark model. They may well be multi-quark states rather than traditionalandhadrons. For the exotic states near the threshold of two heavy hadrons, it is natural to consider them as candidates of molecular states.
A hadronic molecular state is a loosely bound state composed of two color-singlet hadrons. The interaction is the residual force of the color interaction, which is usually described as one-boson-exchange (OBE) potential. The OBE model is very successful to explain the deuteron, a well-established hadronic molecular state composed of a neutron and a proton. The meson exchange force together with the S-D mixing effect render the deuteron a loosely bound state. The binding energy is about 2.225 MeV and root-mean-square radius is about 2.0 fm. Voloshin and Okun proposed the hadronic molecular composed of two a e-mail: bin yang@pku.edu.cn b e-mail: lmeng@pku.edu.cn c e-mail: zhusl@pku.edu.cn charmed mesons about forty years ago [13] . De Rujula et al. also used the molecular model to interpret the ψ(4040) as a D * D * molecule [14] . Törnqvist used the one-pionexchange (OPE) potential to calculate the possible molecular state composed of one charmed meson and one charmed antimeson [15, 16] . There are also many other analyses about hadronic molecular states, such as the combination of two mesons [17, 18, 19, 20, 21, 22, 23, 24, 25, 26] , or two baryons [27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37] . The hidden-charm pentaquark states can be explained as a molecular state formed by one heavy meson and one heavy baryon [38, 39, 40, 41, 42, 43] .
In the Ref. [32] , Li et al. calculated the possible molecular states composed of two spin-1 2 heavy baryons with the OPE and OBE potential, respectively. They analysed the Λ c Λ c system and considered the couple-channel effect of Σ c and Σ * c . In this work, we extend the same formalism to investigate the possible hadronic molecular states composed of two spin-This work is organized as follows. After the introduction, we present the formalism in Section 2, in which we introduce the Lagrangians, coupling constants and the effective interaction potentials. In Section 3 we show our numerical results. Then we discuss our results and conclude in Section 4. We collect some useful formulae and functions in Appendix.
Under the SU(3)-flavor symmetry, the meson exchange Lagrangians are constructed as
for the scalar meson exchange
for the pseudoscalar meson exchange
T r[B * µ
and for the vector meson exchange
The notations g σB * 6 B *
6
, g pB * 6 B *
and g vB * 6 B *
, represent the coupling constants. m * 6 is the mass of the spin 3 2 heavy baryon in 6 f -representation.
Coupling Constants
The coupling constants in Eqs. (5-7) can be determined with the help of the nucleon-nucleon-meson vertices. Comparing the relevant constants for heavy baryon with those for nucleon via the quark model, we can easily get the relationship between them. Some details can be found in Ref . [34] . Here we list the relationships we need in this work directly,
where the g σN N , g πN N , g ρN N and f ρN N , are the nucleonnucleon-meson coupling constants. Their numerical values are taken from Refs. [45, 46, 47, 48] . For the nucleon vertices, one can also choose coupling constants for other mesons such as g ηN N and g ωN N . In this work, we select three representative numerical values as mentioned above, after consider their stability in various models. Their values are shown in Table 1 . m N is the nucleon mass, m i and m f are the masses of initial state and final state baryon respectively. Thus, the numerical values of coupling constants for different baryon-baryon-meson vertices vary slightly. Their numerical values can be found in Table 2 . The masses of baryons and exchanged mesons are collected in Table 1 .
The Effective Interaction Potentials
With the Lagrangians in Eqs. (5-7), we can get the interaction potentials V(Q) in momentum space, which can be expanded in terms of the heavy baryon mass. We expand Table 1 . The relevant hadron masses [49] and coupling constants for the nucleon [45, 46, 47, 48] . For the multiplet hadrons, their averaged masses are used.
In the above expressions, the superscripts s, p and v mean scalar, pseudoscalar and vector mesons, respectively. α = π, η and β = ω, ρ, φ. m A and m B are the heavy baryon masses. g s , g p and g v are the coupling constants in Eqs. (8) (9) (10) (11) . 1 and 2 in the subscript are used to mark different vertices. C Table 3 . The scalar function H i = H i (Λ, m σ/α/β , r), M i = M i (Λ, m α , r) come from Fourier transform. We give their specific expressions in Appendix A. The subscripts C, LS, SS and T denote four different kinds of potentials, central term, spin-orbit term, spin-spin term and tensor term. ∆ S A S B , ∆ LS and ∆ T are the spin-spin operator, spin-orbital operator and tensor operator, respectively. Their specific forms are collected in Appendix B.
Apart from the two baryon systems, we also calculate the possible molecular states with one baryon and one antibaryon. We use the G-parity rule to derive the potential between a baryon and its antibaryon. The potentials in Eqs. (14) (15) (16) (17) still hold up to an extra factor (−1)
I G , where I G is the G-parity of the exchanged meson. The extra factor is absorbed into the isospin factor of baryonantibaryon system in Table 3 .
For the molecular states composed of two spin-3 2 baryons, the total spin J can be 0, 1, 2 and 3. The wave function of bound states in S-wave reads
For the J = 0 and 1 systems, we also take the couple channel effect from systems with higher orbital angular momentum into consideration. For the J = 0 states, we consider the S-D wave mixing. The wave function reads
where T i means the radial wave functions for different channels. For the J = 1 states, we consider the G-wave mixing additionally. The wave function reads
The matrix elements of operators in Eqs. (14) (15) (16) (17) can be derived explicitly, -Single channel
-Couple channel for J P = 0 
The derivation details about these matrix elements of the operators can also be found in Appendix B.
Numerical results
With the effective potential, we solve the Schrödinger equation numerically and then obtain the binding energy and radial wave function. We can calculate the root-meansquare radius (R rms ) with the radial wave function, which can help us to check the self-consistency and rationality of the molecular state. The root-mean-square radius is
where T i is the radial wave function of channel i. The means the sum of all different channels. We can also calculate the individual probability for each channel.
Two baryons systems
In this subsection, we calculate the possible molecular states formed by two baryons. The total wave function of the two baryons system is antisymmetric for Pauli Principle. Since the spatial wave function is symmetric, the S = 0, 2 state has the symmetric isospin wave function and S = 1, 3 state has the antisymmetric isospin wave function.
Single channel calculation
We firstly do the single channel calculation to find the possible molecular states. Here we calculate the S-wave systems. We give the binding energies and the root-meansquare radii of possible molecular states in Table 4 . Their potentials are shown in Fig. 1 . There exist binding solu- 
in the range r < 1 fm. The strong attractive potential is provided by σ, π and ρ mesons exchange, especially by π-exchange. The contribution of the σ-exchange is quite small. The η and ω exchange supply a repulsive potential. The strong attractive potentials in total generate some tightly bound systems. We get a binding solution with very large binding energies and very small root-mean-square radius. The potential of Ξ * c Ξ * c [0(1 + )] system is also strongly attractive. The extra φ-exchange potential is almost negligible. Thus, even there exist binding solutions for the four systems
, they may not be good candidates of loosely molecular states. The strong attraction in these channels strongly indicates that there may exist the heavy analogue of the H-dibaryon with the configurations such as ccssqq or ccwhere q denotes the up or down quark.
couple channel calculation
Here, we consider the couple channel effect between states with different spin and angular momentum for comparison. These states are mixed by the tensor operator. For the system with spin 0, we consider the S-D waves mixing. For the system with spin 1, we add G-wave besides the Sand D-waves. For the D wave the spin of two baryons could be 1 or 3. The numerical results including binding energy, root-mean-square radius and the percentage of different channels are shown in Table 5 
Baryon-antibaryon systems
In this subsection, we perform the single channel calculation for baryon-antibaryon systems first. And then we take the couple channel effects for J = 0 and J = 1 systems.
single channel calculation
The numerical results of the baryon-antibaryon systems are collected in Table 6 , and the relevant potentials are shown in Fig. 4 . We find some good solutions for the nine Singly Charmed Baryons c systems with total spin 1 in couple channel calculation. The subscript number "1-4" of "V " means states 3 S1, 3 D1, 7 D1 and 7 G1 in sequence. We show only four representative potentials here. V12 and V22 are similar to V11. V24 is similar to V13. V34 and V44 are similar to V34.
couple channel calculation
In this section, the couple channel effect is added for J = 0, 1 systems. The numerical results are shown in Tables 7  and 8 Table 7 .
For the systems with total spin 1, we consider four channels. 
DISCUSSIONS AND CONCLUSIONS
In this work, we have performed a systematic investigation of the possible deuteron-like molecules composed of a pair of spin-3 2 singly charmed baryons, or one charmed baryon and one charmed antibaryon. We have calculated the single channel results for all possible states with different total spins, and considered the couple channel effect for total spin 0 and 1 systems. For the systems with total spin 0, the channel mixing is between 1 S 0 and 5 D 0 . For the systems with total spin 1, we include four channels, 3 S 1 , 3 D 1 , 7 D 1 and 7 G 1 in calculation. With an empirical and intuitive approach suggested in ref. [32] , the binding energy of a molecular state formed by two charmed baryons is expected to be less than 240 MeV, and the root-mean-square radius to be larger than 0.6-1.0 fm. With the help of the criteria, we have used the binding energy and root-mean-square radius to make some educated guesses whether the system is a loosely bound state.
For the eight systems, Σ * and Ω * cΩ * c couple channel systems with total spin 1. The subscript number 1-4 means states 3 S1, 3 D1, 7 D1 and 7 G1 in sequence. We put only four representative potentials here. For other potentials, V12 and V22 are similar to V11, V24 is similar to V13, while V34 and V44 are similar to V34.
heavier system. Thus, they are all good molecular candidates. For the other four systems, the OBE potentials are strongly attractive, which indicates that there may exist the tightly bound heavy dibaryons with the configurations such as ccssqq or ccwhere q denotes the up or down quark.
